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It has recently been proposed that the increased reinforcing properties of cocaine and ecstasy
observed in rats with a genetic deletion of serotonin transporters are the result of a reduction
in the psychostimulant-induced release of serotonin. Here we provide the neurochemical
evidence in favor of this hypothesis and show that changes in synaptic levels of dopamine or
noradrenaline are not very likely to play an important role in the previously reported enhanced
psychostimulant intake of these serotonin transporter knockout rats. The results may very well
explain why human subjects displaying a reduced expression of serotonin transporters have an
increased risk to develop addiction.
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Animal studies have shown that a genetic deletion of serotonin
transporters (SERT) greatly enhances the reinforcing properties
of cocaine (COC) and ecstasy (MDMA), as well as the acquisition
of their intake (Homberg et al., 2008; Oakly et al., 2014). These
studies performed in SERT knockout (KO) rats are in line with
human studies showing that a reduction in SERTactivity predicts
an increased psychostimulant intake (Gerra et al., 2007; Martin-
Santos et al., 2010). Because of the lack of plasmalemmal
Figure 1 Nucleus accumbens monoamine levels before and after cocaine (COC: 10 mg/kg). (a) Increased baseline levels of
extracellular serotonin (5-HT) in the nucleus accumbens shell of SERT KO rats (Student's t-test: nPo0.05). (b) Reduction in the COC-
induced increase of extracellular accumbal serotonin (5-HT) in SERT KO rats (ANOVA: time effect: Po0.05; genotype time effect:
Po0.05, Student's t-test: nPo0.05). (c–f) In spite of a seemingly small difference in basal accumbal dopamine (DA) and
noradrenaline (NA) levels, neither these baseline monoamine levels nor the COC-induced increases of accumbal dopamine (DA)
and noradrenaline (NA) signiﬁcantly differed between SERT KO and SERT WT rats (n.s.=non-signiﬁcant change). (g) Maximum COC-
induced increase of extracellular accumbal serotonin (5-HT) in (SERT KO) rats that lack serotonin transporters (Student's t-test:
nPo0.05). Open symbols (O/□) represent a signiﬁcant increase relative to baseline (one sample t-test vs. 100%). Data are expressed
as mean7s.e.m. (n=5 rats/group).
1851Reduced COC-induced 5-HT, but not DA and NA, release in SERT KO rats
Figure 2 Hippocampus monoamine levels before and after cocaine (COC: 10 mg/kg). (a) Increased baseline levels of extracellular
serotonin (5-HT) in the ventral hippocampus of SERT KO rats (Student's t-test: nPo0.05). (b) Reduction in the COC-induced increase
of extracellular hippocampal serotonin (5-HT) in SERT KO rats (ANOVA: time effect: Po0.05; genotype time effect: Po0.05,
Student's t-test: nPo0.05). (c–f) No signiﬁcant (n.s.) genotype differences in either baseline levels or COC-induced increases of
hippocampal dopamine (DA) and noradrenaline (NA). (g) Maximum COC-induced increase of extracellular hippocampal serotonin
(5-HT) (SERT KO) rats that lack serotonin transporters (Student's t-test: nPo0.05). Open symbols (O/□) represent a signiﬁcant
increase relative to baseline (one sample t-test vs. 100%). Data are expressed as mean7s.e.m. (n=5 rats/group).
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1853Reduced COC-induced 5-HT, but not DA and NA, release in SERT KO ratsserotonin transporters (Homberg et al., 2007), SERT KO animals
are not only marked by increased extracellular levels of
serotonin (Figures 1a and 2a), but also by a reduced amount
of releasable serotonin inside their cells (Kalueff et al., 2010).
Using 5,7-dihydroxytryptamine-(5,7-DHT)-treated rats, it has
elegantly been shown that a sustained increase in the baseline
extracellular central levels of serotonin results in a decreased,
instead of an increased, intake of psychostimulants (Bradbury
et al., 2014). In a recent self-administration study by Oakly
et al. (2014) it was, therefore, proposed that a reduced evoked
release of serotonin underlies the observed increased
reinforcing properties of COC and MDMA in SERT KO rats.
Here we provide the missing neurochemical evidence
in favor of their hypothesis and show that changes in
synaptic levels of dopamine or noradrenaline are not
likely to play an important role in the enhanced psychos-
timulant intake reported in individuals lacking plasma-
lemmal serotonin transporters.
2. Experimental procedures
SERT KO rats (Slc6a41Hubr) were generated by target-selected ENU-
induced mutagenesis (for detailed description, see Homberg et al.
(2007)). Brieﬂy, high-throughput sequencing from mutagenized rats
revealed a functional ENU-induced premature stop codon in exon
3 of the SERT gene of a female Wistar rat. This heterozygous mutant
animal was outcrossed for at least eight generations to a Wistar
background. Homozygous SERT KO rats were generated by crossing
heterozygous SERT KO animals and genotyping was performed at the
age of 21 days (primer sequences can be found in Homberg et al.
(2007)). All rats were individually housed in our standard micro-
dialysis cages (25 25 35 cm3) under controlled experimental
conditions (12/12 h light/dark cycle, 2171 1C, 60% relative humid-
ity, food and water were available ad libitum). Adult male SERT KO
rats and their wild type (WT) counterparts were intraperitoneally
injected with saline (volume: 1 ml/kg) and cocaine (dose: 10 mg/
kg) and the synaptic levels of serotonin, dopamine, and noradrena-
line were measured in the nucleus accumbens shell and the ventral
hippocampus according to previously described microdialysis pro-
cedures (Homberg et al., 2007; Verheij et al., 2008). The nucleus
accumbens and the hippocampus were chosen because they play an
important role in mediating reward (Carlezon and Thomas, 2009;
Devenport et al., 1981). Statistics are described in the ﬁgure
legends. All experiments were in agreement with institutional,
national, and international laws and guidelines for animal care and
welfare.
3. Results
COC is known to increase the extracellular monoamine levels by
blocking plasmalemmal monoamine transporters (Ritz et al.,
1987). As expected, the COC-induced serotonin increase in both
the nucleus accumbens shell and the ventral hippocampus is
smaller in SERT KO than SERT WT rats (Figures 1b and 2b).
Despite suggestions that the variation in psychostimulant intake
between these two rat types is due to (serotonin-induced)
changes in synaptic dopamine or noradrenaline (Nonkes et al.,
2011; Oakly et al., 2014), the observed genotype differences in
the baseline levels of serotonin (Figures 1a and 2a) were not
accompanied by genotype differences in the baseline levels of
the two other monoamines (dopamine: Figures 1c and 2c;
noradrenaline: Figures 1e and 2e). In addition, SERT KO rats and
their WT counterparts were found not to differ in both theelectrically-evoked central release of dopamine and noradrena-
line (Homberg et al., 2007) as well as the COC-induced increase
of the extracellular levels of these two monoamines in either
the nucleus accumbens (Figure 1d and f) or the hippocampus
(Figure 2d and f). Finally, neither the central expression of
plasmalemmal dopamine and noradrenaline transporters, nor
the uptake by these two transporters differs between
SERT KO and SERT WT rats (Homberg et al., 2007). These
data indicate that both the genotype-speciﬁc central
serotonin response to COC (Figures 1b and 2b) and the
previously reported individual differences in the reinfor-
cing effects of this drug (Homberg et al., 2008) are most
likely not due to (COC-induced) changes in dopaminergic
or noradrenergic neurons. Although these individual dif-
ferences in the reinforcing effects between SERT KO and
SERT WT rats have been found after administration of the
same dose of COC that was used in the present study (see
Homberg et al. (2008)), our study does not fully exclude
the possibility that COC-induced individual differences in
central dopamine and noradrenaline levels may poten-
tially contribute to genotype variation in the reinforcing
effects between the two rat types following the admin-
istration of a different dose of the psychostimulant.4. Discussion
Remarkably, COC signiﬁcantly increased the extracellular
levels of serotonin in SERT KO rats (Figures 1g and 2g). The
ﬁnding that COC increases the extracellular levels of serotonin
in rats lacking serotonin transporters may very well be
explained by our previously reported hypothesis that COC,
like MDMA, releases neurotransmitters from storage vesicles
(Verheij and Cools, 2011; Verheij et al., 2008, 2013). The
previously reported ﬁnding that the electrically-evoked
release of central serotonin is smaller in SERT KO than SERT
WT rats (Homberg et al., 2007) indicates that the contribution
of (vesicular) release to the COC-induced extracellular ser-
otonin increase is also smaller in SERT KO than that in SERT WT
rats. Our previous and present data, therefore, underline the
notion of Oakly et al. (2014) that a reduction in the evoked
(vesicular) release of serotonin may have contributed to the
enhanced acquisition of psychostimulant intake observed in
individuals with a genetic deletion of plasmalemmal serotonin
transporters. Given that reduced binding of serotonin to its
receptors in the nucleus accumbens prevents both the reward-
ing effects of cocaine and the behavioral sensitization to this
drug (Filip and Cunningham, 2002; Przegalinski et al., 2002;
Zayara et al., 2011), we hypothesize that a decrease of COC-
induced serotonin release in brain regions other than the
nucleus accumbens (e.g., the hippocampus) mediates the
enhanced cocaine self-administration of SERT KO rats. Addi-
tional studies are under way.Role of the funding
MV is supported by an ECNP research grant (http://www.ecnp.eu/
about-ecnp/history/past-awards/ECNP-research-grant/winners-
research-grant/winners-2011.aspx) for young scientists and a NIDA
INVEST Drug Abuse Research Fellowship (http://www.drugabuse.
gov/international/invest-drug-abuse-research-fellowship). Both
sponsors had no further role in study design; in the collection,
M.M.M. Verheij et al.1854analysis and interpretation of the data; in the writing of the report;
and in the decision to submit the paper for publication.
Contributors
MV and JH designed the study and wrote the protocol. PK managed
literature searches and analyses. MV and PK undertook the statis-
tical analysis and MV and JH wrote the ﬁrst draft of the manuscript.
AC served as advisor. All authors contributed to and have approved
the manuscript.
Conﬂict of interest
The authors declare no conﬂict of interest.
Acknowledgments
The authors wish to thank Dr. M. van der Hart (Brains On-Line LLC)
for technical assistance and Dr. F. Meyer (Radboud University
Nijmegen) for her helpful comments.
References
Bradbury, S., Bird, J., Colussi-Mas, J., Mueller, M., Ricaurte, G.,
Schenk, S., 2014. Acquisition of MDMA self-administration:
pharmacokinetic factors and MDMA-induced serotonin release.
Addict. Biol. 19, 874–884.
Carlezon Jr., W.A., Thomas, M.J., 2009. Biological substrates of
reward and aversion: a nucleus accumbens activity hypothesis.
Neuropharmacology 56 (Suppl 1), S122–S132.
Devenport, L.D., Devenport, J.A., Holloway, F.A., 1981. Reward-
induced stereotypy: modulation by the hippocampus. Science
212, 1288–1289.
Filip, M., Cunningham, K.A., 2002. Serotonin 5-HT(2C) receptors in
nucleus accumbens regulate expression of the hyperlocomotive
and discriminative stimulus effects of cocaine. Pharmacol.
Biochem. Behav. 71, 745–756.
Gerra, G., Zaimovic, A., Garofano, L., Ciusa, F., Moi, G., Avanzini, P.,
Talarico, E., Gardini, F., Brambilla, F., Manfredini, M., Donnini,
C., 2007. Perceived parenting behavior in the childhood of
cocaine users: relationship with genotype and personality traits.
Am. J. Med. Genet. 144B, 52–57.
Homberg, J.R., De Boer, S.F., Raaso, H.S., Olivier, J.D., Verheul, M.,
Ronken, E., Cools, A.R., Ellenbroek, B.A., Schoffelmeer, A.N.,
Vanderschuren, E., De Vries, T.J., Cuppen, E., 2008. Adaptationsin pre- and postsynaptic 5-HT1A receptor function and cocaine
supersensitivity in serotonin transporter knockout rats. Psycho-
pharmacology 200, 367–380.
Homberg, J.R., Olivier, J.D., Smits, B.M., Mul, J.D., Mudde, J.,
Verheul, M., Nieuwenhuizen, O.F., Cools, A.R., Ronken, E.,
Cremers, T., Schoffelmeer, A.N., Ellenbroek, B.A., Cuppen, E.,
2007. Characterization of the serotonin transporter knockout
rat: a selective change in the functioning of the serotonergic
system. Neuroscience 146, 1662–1676.
Kalueff, A.V., Olivier, J.D., Nonkes, L.J., Homberg, J.R., 2010.
Conserved role for the serotonin transporter gene in rat and
mouse neurobehavioral endophenotypes. Neurosci. Biobehav.
Rev. 34, 373–386.
Martin-Santos, R., Torrens, M., Poudevida, S., Langohr, K., Cuyas,
E., Paciﬁci, R., Farre, M., Pichini, S., de la Torre, R., 2010.
5-HTTLPR polymorphism, mood disorders and MDMA use in a 3-
year follow-up study. Addict. Biol. 15, 15–22.
Nonkes, L.J., van Bussel, I.P., Verheij, M.M., Homberg, J.R., 2011.
The interplay between brain 5-hydroxytryptamine levels and
cocaine addiction. Behav. Pharmacol. 22, 723–738.
Oakly, A.C., Brox, B.W., Schenk, S., Ellenbroek, B.A., 2014. A
genetic deletion of the serotonin transporter greatly enhances
the reinforcing properties of MDMA in rats. Mol. Psychiatry 19,
534–535.
Przegalinski, E., Siwanowicz, J., Papla, I., Filip, M., 2002. Effects of
5-HT(1B) receptor ligands microinjected into the accumbal shell
or core on the sensitization to cocaine in rats. Eur. Neuropsy-
chopharmacol. 12, 387–396.
Ritz, M.C., Lamb, R.J., Goldberg, S.R., Kuhar, M.J., 1987. Cocaine
receptors on dopamine transporters are related to self-
administration of cocaine. Science 237, 1219–1223.
Verheij, M.M., Cools, A.R., 2011. Reserpine differentially affects
cocaine-induced behavior in low and high responders to novelty.
Pharmacol. Biochem. Behav. 98, 43–53.
Verheij, M.M., de Mulder, E.L., De Leonibus, E., van Loo, K.M.,
Cools, A.R., 2008. Rats that differentially respond to cocaine
differ in their dopaminergic storage capacity of the nucleus
accumbens. J. Neurochem. 105, 2122–2133.
Verheij, M.M., Saigusa, T., Koshikawa, N., Cools, A.R., 2013. Work-
ing mechanism underlying the reduction of the behavioral and
accumbal dopamine response to cocaine by α-1-adrenoceptor
antagonists. Neuropsychopharmacology 38, 540–541.
Zayara, A.E., McIver, G., Valdivia, P.N., Lominac, K.D., McCreary,
A.C., Szumlinski, K.K., 2011. Blockade of nucleus accumbens
5-HT2A and 5-HT2C receptors prevents the expression of
cocaine-induced behavioral and neurochemical sensitization in
rats. Psychopharmacology 213, 321–335.
